Introduction
============

Liver transplantation offers an efficient and efficacious approach for treating patients with end-stage liver diseases. However, liver transplantation is usually associated with considerable long-term side effects, including chronic renal failure ([@B01]), post-transplantation lymphoproliferative disorder ([@B02]), and cardiovascular complications ([@B03]). Transplantation of stem cells or progenitor cells can be utilized as alternative solutions to repair or regenerate damaged liver due to their ability to self-renew and their capability to differentiate into a variety of specialized cell types ([@B04]). Hepatocytes and hepatic oval cells (HOCs) are the potential source of endogenous stem/progenitor cells for liver regeneration and repopulation ([@B05], [@B06]). Importantly, intra-hepatic progenitor cells (HOCs) play critical roles when hepatocyte proliferation is blocked or delayed ([@B06]).

Although it has been suggested that HOCs may provide an extension of the canal of Hering ([@B07]), the precise origination of these cells is not known. These cells have a high nuclear-to-cytoplasmic ratio and express markers of immature liver cells \[α-fetoprotein (AFP)\], hepatocyte lineage (albumin), and biliary epithelium \[cytokeratin 19 (CK19)\] ([@B08],[@B09]). HOCs display a distinct phenotype and have been shown to be a bipotential progenitor of two types of epithelial cells found in the liver: hepatocytes and bile ductular cells ([@B10]). Moreover, HOCs are capable of generating other cells, such as intestinal epithelium and pancreatic acinar cells ([@B06],[@B11] , [@B12]). A variety of liver injury models have been used to induce HOC proliferation, such as 2-acetylaminofluorene (2-AAF)/partial hepatectomy (PH)-induced injury ([@B13],[@B14]), a 3,5-diethoxycarbonyl-1,4-dihydrocollidine diet ([@B09]), choline deficiency, an ethionine-supplemented diet ([@B15]), and 2-AAF/CCl~4~ ([@B16]) or 1,4-bis\[N,N′-di(ethylene)-phosphamide\]-piperazine (dipin)/PH-induced injury ([@B17]). Among these models, 2-AAF combined with a two-thirds PH has been widely used for stimulating the proliferation of HOCs; however, significant mortality was observed after a two-thirds PH ([@B18]). Therefore, a more efficient approach for generating HOCs with low animal mortality is still needed. In addition, the potential capacity of HOCs for intrahepatic transplantation has not been fully explored.

In this study, we successfully induced the proliferation of HOCs in male Lewis rats using 2-AAF combined with a one-half to one-third PH (left lateral lobe excision) and determined the *in vitro* proliferation and differentiation capability of isolated HOCs. In addition, the intrahepatic transplantation ability of HOCs was evaluated. Our results provide a better understanding of the involvement of HOCs during liver repair and regeneration and suggest that HOCs may have valuable properties for therapeutic liver regeneration after orthotopic liver transplantation.

Material and Methods
====================

Reagents
--------

Fetal bovine serum (FBS), 0.25% trypsin, type IV collagenase, and phosphate-buffered saline (PBS) were purchased from Gibco (USA). D-Hank\'s solution was purchased from HyClone (USA). The 2-AAF (Cat No. 00300) and DMEM/F12 culture medium were obtained from Sigma-Aldrich (USA). Hepatocyte growth factor (HGF; Cat No. 2207-HG), epidermal growth factor (EGF; Cat No. 400-25), stem cell factor (SCF; Cat No. 400-22), and leukemia inhibitory factor (LIF; Cat No. LIF3005) were purchased from Cytolay (USA). FITC-conjugated rat anti-CD34 (Cat No. SC-7324) and rabbit IgG anti-c-kit polyclonal antibodies were provided by Santa Cruz (USA). FITC-conjugated rat anti-CD90 (Cat No. 202503) antibody was provided by Biolegend (USA). FITC-labeled goat anti-rabbit IgG antibody was purchased from Beijing Zhong Shan-Golden Bridge Biological Technology Co., Ltd. (China). Specific primers for albumin (ALB), CK19, and β-actin were synthesized by Shanghai Chaoshi Biotechnologies Co. (China). The hematoxylin and eosin (H&E) staining kit was obtained from Shanghai Sangon Biological Engineering Technology and Services Co., Ltd. (China).

Animals
-------

Male and female specific pathogen-free (SPF) Lewis rats weighing 200±20 g (used for HOCs isolation) or 250-300 g (used for transplantation) were provided by Vital River Lab Animal Technology Co., Ltd. (China). Female SPF dark agouti (DA) rats weighing 200-250 g were provided by the Laboratory Animal Center of Harbin Medical University, Harbin, China. All efforts were made to minimize animal suffering and to reduce the number of animals used. All animal procedures and the study were approved by the Ethics Committee of Liaocheng People\'s Hospital, Liaocheng, Shandong, China.

Activation of oval cell proliferation by the 2-AAF/PH model
-----------------------------------------------------------

Male Lewis rats were housed separately for 1 week prior to use. Daily, the rats were given 20 mg/kg body weight 2-AAF dissolved in vegetable oil by intragastric administration for 6 days. On the 7th day, 10 animals were partially hepatectomized (left lateral lobe excision, one-half to one-third PH) under general ether anesthesia without 2-AAF administration, and 2-AAF feeding was continued from the 8th to the 14th day.

Histological examination
------------------------

Ten days after surgery, animals were killed and liver tissues were removed and fixed with 10% buffered formaldehyde. Paraffin-embedded sections were stained with H&E using a standard procedure and then assessed under a phase contrast microscope (Olympus, Japan).

Primary culture of HOCs
-----------------------

The isolation of HOCs was performed 10 days after surgery. Briefly, liver tissue was minced, washed with D-Hank\'s solution, and digested with DMEM/F12 culture medium containing 0.1% collagenase IV and 0.025% EDTA at 37°C for 15 min. Cells were filtered through a 100 mesh filter and centrifuged at 340 *g* for 5 min at 4°C. HOCs were separated by Percoll gradient centrifugation (Amersham Biosciences, USA). The cells were then seeded onto gelatin-coated flasks and maintained in DMEM/F12 culture medium supplemented with 10% FBS, 100 U/mL penicillin, 100 µg/mL streptomycin, and 1 ng/mL amphotericin B at 37°C in a 5% CO~2~ incubator. Three days after seeding, 20 ng/mL SCF, 10 ng/mL HGF, 10 ng/mL EGF, and 10 ng/mL LIF were added to the culture medium. Subculture was performed using 0.25% trypsin for digestion. To induce differentiation, LIF was withdrawn from the culture medium and the cells were maintained in culture. Images were captured and quantitatively analyzed with an image analysis system (APIAS-1000, Shenzhen, Huahai Electronics, Co., Ltd., China).

MTT assay
---------

To evaluate cell proliferation, the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was performed. Cells were seeded onto 24-well plates at a density of 1 × 10^7^ cells/well. At the indicated time points after cell seeding, 20 µL MTT (5 mg/mL) was added to each well, and the cells were cultured for an additional 4 h at 37°C. The medium was then removed, and 150 μL dimethyl sulfoxide was added to each well to resuspend the MTT metabolic product. The absorbance of the dissolved formazan was measured at a wavelength of 570 nm with a scanning microplate spectrophotometer (Biotek, USA). Three replicate wells were assessed for each experimental group.

Electron microscopy
-------------------

For transmission electron microscopy (TEM) analysis, HOCs or tissue samples were fixed with 2.5% glutaraldehyde for 2 h and then post-fixed with 1% OsO~4~. After dehydration through a graded ethanol series and acetone \[30% (v/v) ethanol (15 min), 50% (v/v) ethanol (15 min), 70% (v/v) ethanol (15 min), 90% (v/v) ethanol (15 min), 95% (v/v) ethanol (15 min), 50% (v/v) acetone (10-15 min), 70% (v/v) acetone (10-15 min), 90% (v/v) acetone (10-15 min), and three washes with 100% (v/v) acetone (30 min)\], the samples were embedded in Epon812. Ultrathin sections were stained with uranyl acetate and lead citrate and examined by TEM (Hitachi Science Systems, Ltd., Japan). For scanning electronic microscopy (SEM) analysis, samples were fixed with 2.5% glutaraldehyde for 12 h. After dehydration in an acetone gradient \[50% (v/v) acetone (10-15 min), 70% (v/v) acetone (10-15 min), and 90% (v/v) acetone (10-15 min)\], spray-dried samples were analyzed by SEM (S-3400-N, Hitachi Science Systems, Ltd.).

Immunocytochemistry
-------------------

Immunocytochemical analysis was performed as previously described ([@B19]). Briefly, cells were fixed with 4% paraformaldehyde (PFA), rinsed with PBS, and immunostained with an anti-c-kit primary antibody (1:100 dilution) in a humidity chamber overnight at 4°C. After washing three times with PBS, the cells were stained with FITC-labeled goat anti-rabbit IgG secondary antibody (1:80 dilution) for 40 min at 37°C. After washing with PBS, the samples were mounted with 2% glycerol, and fluorescence was detected under a fluorescence microscope (Olympus).

Flow cytometry
--------------

The cell surface markers c-kit, CD34, and CD90 were assessed by flow cytometry analysis. Fifty microliters of 1 × 10^6^ cells suspended in PBS were incubated with the c-kit primary antibody (1:100 dilution) for 50 min at room temperature. After centrifugation, the cells were washed and stained with FITC-labeled goat anti-rabbit IgG secondary antibody (1:80 dilution) for 30 min at room temperature. For CD34 and CD90 labeling, the same volume of cells was incubated with FITC-labeled anti-CD34 (1:100 dilution) or anti-CD90 (1:100 dilution) antibodies for 30 min at room temperature. After they were washed with PBS two times for 5 min each, the cells were analyzed using fluorescence-activated cell sorting (FACS; BD Biosciences, USA).

Quantitative real-time reverse-transcription polymerase chain reaction (qRT-PCR)
--------------------------------------------------------------------------------

Total RNA was extracted from HOCs, differentiated HOCs, liver tissues, or bile duct tissues using the Trizol reagent (Sigma-Aldrich). After purification, the integrity of the purified mRNA was confirmed by agarose gel electrophoresis. The cDNA was then transcribed with the first cDNA synthesis kit according to the manufacturer\'s instructions (Fermentas, USA). The sequences of the specific primers used are as follows: ALB: forward: 5′-TGTCACGGCGACCTGTTG-3′, reverse: 5′-GGAGATAGTGGCCTGGTTCTCA-3′; CK19: forward: 5′-GACTTCCGGACCAAGTTTGAG-3′, reverse: 5′-CGCAGGCCGTTGATGTC-3′; β-actin: forward: 5′-ACCGAGCGCGGCTACAGC-3′, reverse: 5′-CTCATTGCCAATGGTGAT-3′. PCR amplification was carried out on a real-time fluorescence quantitative instrument (Roche Diagnostics, Switzerland). The primer concentration was 20 pM and PCR efficiency of the kit was 96.3%. The thermocycling conditions were as follows: 60°C for 2 min, 94°C for 10 min, and then 40 cycles at 94°C for 15 s and 60°C for 60 s. The amplified products were analyzed with real-time fluorescence quantitative instrument software. Fold changes in target gene expression were then normalized with the following formula: fold change=2^−Δ(ΔCt)^. The negative log was calculated and data were analyzed from 20 independent experiments.

Cell transplantation
--------------------

The two-cuff (portal vein and infrahepatic vena cava) technique was used to establish orthotopic liver transplantation in rats as previously described ([@B20],[@B21]). Female DA rats were used as donors and female Lewis rats served as recipients. The recipients were randomly divided into two groups: the control group (n=60) and the cell transplantation group (n=60). In the control group, animals received orthotopic liver transplantation, and in the cell transplantation group, 1 mL of 1×10^6^ cells/mL HOCs (passage 4-10) was injected into the portal vein and hepatic artery in animals receiving the liver transplantation. Recipients were given tacrolimus starting on the day prior to surgery until the 13th day post-surgery. Liver function indicators, including alanine aminotransferase (ALT), direct bilirubin (DBil), ALB, γ-glutamyltransferase (GGT), alkaline phosphate (ALP), and cholinesterase (ChE) were examined 4 weeks after transplantation using a Beckman CX9 automatic biochemical analyzer (Beckman Coulter, Germany).

Evaluation of liver allograft rejection
---------------------------------------

Three weeks after transplantation, tissue sections were stained with H&E, samples were mounted, and fluorescence detected using a fluorescence microscope (Olympus). The severity of acute rejection was assessed using the rejection activity index (RAI) according to the Banff classification of hepatic allograft rejection ([@B22]).

Statistical analysis
--------------------

Data were analyzed by the SPSS 16.0 software (SPSS, Inc., USA) and are reported as means±SD. Comparisons between different groups were carried out using one-way analysis of variance. Comparisons within one group were achieved using the Student *t*-test. P\<0.05 was considered to be statistically significant.

Results
=======

Establishment of an HOC proliferation model
-------------------------------------------

In order to establish the HOC proliferation model, 10 Lewis rats received 2-AAF in combination with a left lateral lobe excision, and six rats survived for 10 days post-surgery. Two rats died as a result of the surgery, and two others died of postoperative abdominal infection or frequent diarrhea. Gross examination on the 10th day post-operation showed that the livers were enlarged and had obvious signs of congestion. H&E staining of the liver sections showed a disintegrated hepatic lobule and irregularly arranged hepatic plate. Clusters or scattered HOCs were detected in the portal area and interlobular bile duct ([Figure 1](#f01){ref-type="fig"}). In addition, the diameters of HOCs varied with a range of 7-19 µM, and the cytoplasm of these cells contained dark, basophilic material.

![Hematoxylin & eosin staining of liver tissues. Liver tissues were obtained from healthy rats or rats that received 2-acetylaminofluorene (2-AAF)/partial hepatectomy (PH) for 8 days. Proliferating hepatic oval cells (HOCs) are indicated by arrows.](1414-431X-bjmbr-46-08-0681-gf01){#f01}

Identification of isolated HOCs
-------------------------------

HOCs were isolated from liver tissues of rats that had received 2-AAF/PH. The cell viability was approximately 95% based on trypan blue dye exclusion (data not shown). After adhesion, round, oval, or short spindle-like cells multiplied rapidly in culture medium supplemented with SCF, HGF, EGF, and LIF (see [Figure 2](#f02){ref-type="fig"}). MTT analysis revealed that passage 4-10 HOCs multiplied very fast compared to other passages ([Figure 3](#f03){ref-type="fig"}), and therefore these HOCs were used for transplantation. Moreover, the HOCs were immunopositive for c-kit ([Figure 4A](#f04){ref-type="fig"}), and flow cytometry analysis revealed that HOCs of passage 4 were 99.8% and 88.8% immunopositive for c-kit and CD90, respectively, but immunonegative for CD34 (3.6%; [Figure 4B-D](#f04){ref-type="fig"}). These results provided evidence that the isolated cells were HOCs.

![Differentiation capabilities of hepatic oval cells (HOCs). Leukemia inhibitory factor (LIF) was withdrawn from the culture medium to induce cell differentiation for 3 days. Passage-4 HOCs were used for differentiation. Undifferentiated or differentiated cells were monitored by phase contrast microscopy, scanning electronic microscopy (SEM), or transmission electron microscopy (TEM). Arrowhead: a long spindle-like bile duct epithelial cell; arrow: a large round-shaped hepatocyte.](1414-431X-bjmbr-46-08-0681-gf02){#f02}

![Growth curves of hepatic oval cells (HOCs) collected from different passages. The viability of HOCs from passage 2-18 was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT). Data are reported as means±SD.](1414-431X-bjmbr-46-08-0681-gf03){#f03}

![Identification of hepatic oval cells (HOCs). *A*, HOCs in suspension culture were immunostained with an anti-c-kit antibody. Positive cells appear as yellow fluorescence by fluorescence microscopy. *B*-*D*, The percentage of c-kit (*B*), CD90 (*C*), or CD34 (*D*) positive HOCs (passage 4) was evaluated by flow cytometry analysis. x-axis: number of cells; y-axis: percent.](1414-431X-bjmbr-46-08-0681-gf04){#f04}

*In vitro* differentiation capability of HOCs
---------------------------------------------

To induce HOC differentiation, LIF was withdrawn from the culture medium. HOCs were differentiated into large, round-shaped hepatocytes and long spindle-like bile duct epithelial cells ([Figure 2](#f02){ref-type="fig"}). TEM analysis further demonstrated that typical HOCs presented a relatively high nucleus-to-cytoplasm ratio ([Figure 2](#f02){ref-type="fig"}). Heterochromatin was enriched in the nucleus, and few cellular organelles were observed in the cytoplasm of HOCs. The hepatocytes derived from HOCs were regular polygon-shaped cells with enriched cellular organelles, and the bile duct epithelial cells were single cuboidal or single columnar epithelium cells with microvilli. Both undifferentiated and differentiated HOCs expressed the liver and bile duct markers ALB and CK19 as determined by qRT-PCR analysis ([Figure 5](#f05){ref-type="fig"} and [Table 1](#t01){ref-type="table"}). In addition, the mRNA level of CK19 in HOCs was significantly lower than that in differentiated HOCs. These data further confirmed that the isolated HOCs were liver-derived hepatic progenitors.

![Expression of albumin (ALB) and cytokeratin 19 (CK19) mRNA in hepatic oval cells (HOCs) or liver and bile duct tissues as determined by quantitative real time reverse-transcriptase polymerase chain reaction. *Lane 1*: DNA marker; *lane 2*: ALB in bile duct; *lane 3*: CK19 in bile duct; *lane 4*: empty control; *lane 5*: ALB in liver; *lane 6*: CK19 in liver; *lane 7*: empty control; *lane 8*: CK19 in undifferentiated HOCs; *lane 9*: ALB in undifferentiated HOCs; *lane 10*: empty control; *lane 11*: CK19 in differentiated HOCs; *lane 12*: ALB in differentiated HOCs; *lane 13*: empty control.](1414-431X-bjmbr-46-08-0681-gf05){#f05}

HOC transplantation
-------------------

HOC transplantation significantly prolonged the median survival time (MST) for recipients (n=33) compared to controls (n=47; 38 *vs* 21 days, respectively; P=0.003). A gross examination of the liver was performed immediately after the rats were killed. The control group exhibited liver swelling and cirrhosis accompanied with liver ischemia, congestion, and hemorrhage. In contrast, although local liver congestion was observed in animals with HOC transplantation, no cirrhosis or necrosis was detected. Moreover, HOC transplantation dramatically improved liver function in recipients 4 weeks after transplantation ([Table 2](#t02){ref-type="table"}). Histological examination indicated that administration of HOCs to rats also receiving liver transplantation presented healthy liver tissue and significantly reduced the RAI scores compared to control liver transplant rats 3 weeks following transplantation (RAI: control=6.3±0.9; HOC=3.5±1.5; P=0.005; [Figure 6](#f06){ref-type="fig"}), suggesting that transplantation in the presence of HOCs decreased liver allograft rejection.

![Histological examination of liver allograft rejection. Sections obtained from experimental groups were stained with hematoxylin & eosin.](1414-431X-bjmbr-46-08-0681-gf06){#f06}

Discussion
==========

Proliferation of differentiated hepatocytes plays an essential role during liver regeneration after injury. However, in cases where hepatocyte proliferation is impaired or delayed, HOCs will proliferate and invade the adjacent liver parenchyma, where they differentiate into hepatocytes or biliary cells ([@B06]). Although 2-AAF combined with two-thirds PH is currently the most widely used model for oval cell activation ([@B13],[@B14]), animal mortality rate is relatively high due to the two-thirds PH ([@B18]). In our preliminary experiments, we found that most of the Lewis rats receiving a two-thirds PH died 1-2 days following the operation, and no animals survived to the 10th day post-operation (data not shown). Therefore, the 2-AAF/PH procedure was modified in the present study, whereby only the left lateral lobe was excised (one-half to one-third PH). By using this optimized 2-AAF/PH protocol, the survival rate of the animals was greatly increased to 60% on the 10th day post-operation. It should be noted that no significant difference was observed in the number and properties of isolated HOCs between this modified method and the conventional 2-AAF combined with two-thirds PH ([@B23],[@B24]). These results suggest that 2-AAF in combination with one-half to one-third PH may serve as a novel and efficient approach for stimulating HOC proliferation.

Consistent with previous reports ([@B09]), the HOCs derived from the liver of Lewis rats after 2-AAF/PH treatment exhibited a typical oval cell morphology, with a diameter of 7-19 µM, average size of 18.3±11.7 μm^2^, high nucleus-to-cytoplasm ratio, and enriched heterochromatin in the nucleus. It has been previously demonstrated that HOCs express c-kit, CK19, albumin, AFP, Thy-1 (CD90), and GGT ([@B25],[@B26]). In agreement with these findings, the isolated HOCs expressed markers of both the biliary epithelium (CK19) and hepatocyte lineages (ALB), and were positive for c-kit staining. In addition, these cells were positive for CD90 but negative for CD34, indicating that these cells were liver-derived hepatic progenitors.

After LIF withdrawal, a majority of the HOCs differentiated into long spindle-like bile duct epithelial cells, and only approximately one quarter of the differentiated HOCs were identified as hepatocytes. As ALB and CK19 were the indicators for hepatocyte and biliary epithelium, respectively, we quantitatively analyzed the mRNA expression of ALB and CK19 for the first time in undifferentiated and differentiated HOCs. No significant difference was detected in the expression of ALB before or after HOC differentiation (P=0.076), while the mRNA level of CK19 was significantly enhanced after differentiation (P=0.004), which could be due to the increased number of HOC-derived bile duct epithelial cells.

We investigated the potential capability of HOC transplantation for liver regeneration or repair. Our results demonstrated that HOC transplantation greatly prolonged the MST for recipients compared with the control (P=0.003). Moreover, 4 weeks after transplantation, the levels of liver injury biomarkers, including ALT, DBil, GGT, and ALP, were significantly higher in rats of the control group than in the recipients of HOC transplantation (P=0.002; P=0.014; P=0.007; P=0.025). These results suggested impaired liver function in the controls, which was improved by HOC transplantation. HOC transplantation also improved liver synthesis function, because ChE and ALB levels decreased 4 weeks after surgery compared to controls. It is possible that HOCs may proliferate and differentiate in the transplanted liver, contributing to improved liver synthesis function. Administration of HOCs to rats also receiving liver transplantation greatly reduced acute allograft rejection compared to control liver transplant rats 3 weeks following transplantation. These results indicate that HOC may provide a novel option for therapeutic liver regeneration after orthotopic liver transplantation.

In summary, our study found that HOCs activated in a modified 2-AAF/PH model proliferate and differentiate into hepatocytes and bile duct epithelial cells with a preferential of biliary epithelium differentiation under specific conditions. The results also raise the possibility that HOC-based cell therapy can be combined with orthotopic liver transplantation to stimulate liver regeneration after surgery.
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